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Abstract—This paper presents a motion picture simulator with

the newly proposed Random Telegraph Signal (RTS) noise model.

Different from traditional researches on RTS noise, it is
concerned primarily with the noise source distribution on a
CMOS image sensor (CIS) instead of a single pixel in this work.
Besides, a new video quality evaluation method for RTS noise on
CIS in motion pictures is developed, which is named as RTS
Video Quality (RTS_VQ). Using this simulator with RTS_VQ,
the sensory rating of CIS imaging with RTS noise is obtained by
our video quality evaluation method.

Keywords-CMOS Image Sensor, Random Telegraph Signal
Noise, Video Quality

I. INTRODUCTION

It is a trend to produce high quality images and videos by
cameras in the near future as increasing perceptual requirement
of human, in which high quality images and videos are defined
as high resolution and hardly any noise. However, as the
downscaling of the pixel to achieve high resolution, Random
Telegraph Signal (RTS) noise is becoming pronounced and
brings heavily perceptual impact of videos. And a RTS noise is
the discrete changes in drain current resulting from carrier
trapping and de-trapping into single oxide defect and appears
as a fluctuation in the voltage. A typical two level RTS noise
is shown in Fig. 1, where 1,5 and 14, are the s-th duration and
the p-th duration of an impulse in the up and down time
respectively; Al is the amplitude of the RTS noise.

Until now, a part of the mechanism of RTS noise on CIS
has been reported, but most of the previous works on RTS
noise have mainly focused on the characteristics of a RTS
noise in a single CIS pixel either in time domain, i.e.
Probability Density Function (PDF) [1]-[3], or in the frequency
domain, i.e. Power Spectra Density (P.S.D) function [1], [3]-
[5]. At the same time, all the results given in these works are
based on physical experiments on MOS devices. And highly
effort would be required to ones who study RT noise
mechanism and noise reduction using computer. So,
mathematics is significantly required for the precise noise
modeling of RTS noise.

Reducing the RTS noise, which we mentioned, pictures
aiming at high quality videos are much demanded. The most
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Figure 1. A typical two-level RTS noise
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effective method based on the precise RTS noise modeling in
CIS is much demanded today. Nevertheless, because to remove
the single oxide defect in the surface of MOSFET is extremely
difficult and the cost of it increases proportionately to the
number of pixels that need be de-defected, the effort of RTS
noise sources cancelation comes up as one of the most
significant problems in CIS manufacturing process. Therefore,
CIS manufacturing have to cancel RTS noise source as much
as possible on the premise of that the distortion of video could
be barely perceptible. With this view, an effective video
quality evaluation method is demanded to provide a reference
of the distortion videos to them in order to estimate the degree
of distortion introduced by RTS noise in a motion picture.

The often calculated video quality evaluation method is
Peak Signal-to-noise Ratio (PSNR) based on mean square error
(MSE), which is somewhat a mean value and does not agree
with the RTS noise case.

In order to solve the problems mentioned above, we firstly
developed a video camera exposure simulator (VCES) with the
newly proposed RTS noise modeling on CIS in motion picture.
Based on the analysis of the proposed noise model, we propose
a novel video quality evaluation method named as RTS Video
Quality (RTS_VQ). Finally, conclusions about the RTS noise
model and the effectiveness of RTS VQ can be drawn from the
numerical experimental results.

II. METHODOLOGY

The VCES is developed to simulate the noise generation in
the exposure process of a video camera and based on the newly
proposed RTS noise mode consisting of a Gaussian component
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Figure 2. Flowchart of VCES

noise and a non-Gaussian component noise, and this newly
proposed RTS noise model already includes the conventional
1/f noise. The flowchart of VCES is shown in Fig .2 and the
noise free frame used in VCES is Macbeth chart shown in Fig.
3 [6]-[9].

A. RTS Noise Model

In this paper quantities noise level and noise histogram are
proposed to quantificationally describe the RTS noise situation
in a single CIS pixel and on a CIS respectively. In VCES dark
current shot noise and dark current Fixed Pattern Noise (FPN),
thermal noise, reset noise, 1/f noise, and light FPN are modeled
as the Gaussian component noise. The number of pixels at a
noise level x Pyom(X)is given as (1),

(x=?

1
Pyorm(x) = K X me 20? (1)

where K is a coefficient related to the total pixel number of a
CIS, x is noise level in Digital Number (DN); p and o are the
mean and standard deviation of the Gaussian component noise

Figure 3. Noise free Macbeth chart
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Figure 4. Noise Histogram of the Gaussian component noise
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Figure 5. Noise Histogram of the Gaussian component noise and
the non-Gaussian component noise

by means of curve fitting. The noise histogram of Gaussian
component is shown in Fig. 3, where the vertical and horizontal
axes represent Pyom,m and noise level respectively.

In VCES, the non-Gaussian component noise refers to a
typical two-level RTS noise as shown in Fig. 1. This non-
Gaussian component noise model is based on the work in [10]-
[16] and determined by a two-parameter A and B exponential
distribution. And the number of pixels at a noise level x Prrs(X)
is given as (2),

Prrs(x) = Ae™P* )

where parameters A and B are coefficients related to the scale
and the shape parameter of the spatial distribution of RTS noise
sources respectively, and x represents noise level. Actually the
RTS noise amplitudes of different pixels at a same noise level
follow a Gaussian distribution N ~ (u,, 0,). And the noise
histogram slightly dithers as the value of o, changes.

The noise histogram of the newly proposed RTS noise
model is shown in Fig. 4 and (2)-(5) are used to construct such
a noise histogram,

_(x-pp)?

1
Prorm1(X) = Ky X Tme 201% (3)

Z¥=0 PNorm (x) = Z;CC’;() PNorml (x)

+X8=cy+1 Prrs (%) 4)
Pynorm1(Cy) = Prrs(Cy) Q)

where Pyom1(X) is the number of pixels only with the Gaussian
component noise at noise level x, K;, 6y, and p; has the same
meaning with K , o, and p in (2); N is the maximum noise level
on a CIS, and C is the x-coordinate of the connected point
marked by a red circle.



B. Evaluation Method

RTS VQ is a metric to evaluate the perceptual impact of
video distortions introduced by RTS noise and is developed to
reflect the relationship between the video quality and the
spatial distributions of RTS noise sources on a CIS. Since the
number of pixels with single oxide defect which is RTS noise
source is very small compared with the total number of pixels
of a CIS, the values of PSNR are identical for motion pictures
even if they have quite different distortion situations. On the
contrary, RTS VQ emphasizes the effect of larger noise level
and makes use of the characteristics of the spatial distribution
of RTS noise on a CIS. The definition of RTS VQ is given as

(6)-(3),

meanDist = VmeanR? + meanG? + meanB?  (6)

(maxR x slopeR)? +
(maxG % slopeG)? + @)
(maxB % slopeB)?

maxDist = 10 X

RTS_VQ = meanDist + 0.005 X maxDist ®)

where meanDist is the mean distortion of the video; meanR,
meanG, and meanB are mean distortion of R, G and B channels;
maxDist is the maximum distortion of the video; maxR, slopeR,
maxG@, slopeG, maxB, and slopeB are maximum distortion and
slope of R, G and B channels respectively; 0.005 is weight
parameter of the maximum distortion and is chosen based on
several primitive psychophysics experiments. All the noise
histograms are in log-scale, in that way the minority RTS noise
source relative to the total CIS pixel number contributes much
more to the value of RTS_ VQ than its original value.

III.  NUMERICAL EXPERIMENTS

VCES in numerical experiments is analogous to a physical
video camera, and parameters configuration of them are similar
and given in Table I. The output of VCES is a motion picture
with 30 frames per second, in which a frame is a 480 x 720
Macbeth chart. The simulation results of Macbeth chart with
the proposed RTS noise model are shown in Fig. 6.

As shown in Table I, the size of a CIS pixel in VCES is
2um x 2pm which is a submicron MOSFET device pronounced
by a RTS noise. In order to test the proposed RTS noise model,
five different noise situations, Case 0 — Case 5 (explained in
Table II) are defined with changing the values of parameters A,
B, and o,, where Case 0 is defined as only the Gaussian
component noise is included and Case 1-4 include both the
Gaussian component noise and the RTS noise. The noise
histograms Case 1-4 are shown in Fig. 7

To demonstrate the effectiveness of RTS VQ, both the
Table I. Configuration of VCES

Parameter Value Parameter Value
Focus 4 Intensity 320
ISO 200 Shutter Speed 0.004s
Pixel Pitch 2 pm Color Temp 5500K
Sensor

Temperature 300K 0, (default) 2.0

(b) Gaussian component noise and RTS noise

Figure 6. Simulation results of Macbeth chart within two different noise
conditions with the proposed RTS noise model

values of PSNR and RTS_VQ for Case 0-5 are both calculated
and shown in Table II.

We have a small area of the noisy Macbeth charts enlarged
to amplify the impact of noise on an image. Fig. 6 (a) shows
some irregular streaks caused by the Gaussian component noise,
and in Fig. 6 (b), a prominent spot appears which is caused by
RTS noise with large noise level. Further, it is shown from the
result motion pictures that flickers caused by RTS noise affects
human visual sensitivity significantly as the value of RTS VQ
increases, which could also be reflected by the noise histogram
changing in Fig. 8. As shown in Fig. 7 (a) and (c), the Case 1
and the Case 3 have the same values of parameter B but the
different values of A. Correspondingly, the straight downward-
sloping lines of the noise histograms in Fig. 7 (a) and (c) have
same shape but different scale. So are the Case 2 and the Case
4 in Fig. 7 (b) and (d). Comparatively, the Case 1 and the Case
2 shown in Fig. 7 (a) and (b) respectively have the same values
of parameter A but the different values of B, which results in
totally different shape of noise histograms. And the Case 2 and
the Case 4 in Fig. 7 (b) and (d) are in the same way.

As the results of PSNR and RTS_VQ for Case 1-4 shown
in Table II, PSNR remains identical as expected as the value of
parameter A decreases or the value of parameter B increases,
whereas RTS VQ can evaluate the video distortion introduced
by RTS noise more efficient. It is also shown in Table II that
RTS VQ decreases indicating worse video quality when o,
decreases resulting from that RTS noise with large amplitude
appears. Especially, the noise histogram of o, 0.5 is more
fitting to the physical experimental results than 2.0.



Table II. PSNR and RTS_VQ values for four RTS noise situations

Noise RTS noise parameter c 6, =2.0 6,=05
Conditions A B * PSNR RTS VO PSNR RTS VO
Case 0 _ _ — 14.38 13.25 14.38 13.25
Case 1 5000 0.0782 9 14.38 2291 14.38 21.97
Case 2 5000 0.2482 10 14.38 15.64 14.38 15.53
Case 3 1000 0.0782 10 14.38 21.24 14.38 21.08
Case 4 1000 0.2482 10 14.38 14.73 14.38 14.64
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Figure 7. Noise histogram of Case 1-4 in Table II from (a) to (d)

IV. CONCLUSION

A high quality motion picture with quantificational
analysis of RTS noise is obtained based on those works
mentioned above. Eventually, we will draw our conclusions
that RTS noise becomes less significant as the value of
parameter A decreases or parameter B increases shown in
Table II. The flickers caused by RTS noise more significantly
affect the human visible sensation as RTS VQ increasing,
while PSNR remains almost identical.

At last, because there is only a marginal difference of the
values of RTS VQ and PSNR between Case 0, Case 2 and
Case 4, which means the video distortion degree is applicable
to CIS manufacturers to control the value of RTS noise source
cancellation since they have not to motivate a noise histogram
like Case 0.
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